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cific	 competition	 explain	 population	 dynamics	 that	 diverged	 from	 predictions.	
Population	change	and	diversity	trends	were	positively	correlated	in	all	taxonomic	
groups,	 suggesting	 that	 population-level	 instability	 is	 greater	 in	 more	 diverse	










than	 shrinking	 ones	 (Hamilton	 et	al.,	 2009;	 Lande,	 1993).	 In	 reality,	
however,	populations	and	communities	change	 in	ways	 that	current	
theory	 cannot	 always	 predict	 (Moritz	 &	 Agudo,	 2013;	 Zhang,	 Yan,	
Krebs,	&	Stenseth,	2015).
The	 potential	 for	 observational	 data	 to	 shed	 light	 on	 long-	term	
population	 dynamics	 is	 widely	 appreciated	 (Jackson	 &	 Blois,	 2015;	
Moritz	&	Agudo,	2013;	Pedrotti	et	al.,	2014)	but	less	often	achieved	
(Birks,	 Lotter,	 Juggins,	 &	 Smol,	 2012;	 Horreo,	 Jimenez-	Valverde,	 &	
Fitze,	2016).	Examples	of	population	dynamics	 that	do	not	conform	
to	population	theory	are	of	interest	as	they	may	potentially	reveal	cir-






questions	 about	 extrinsic	 and	 intrinsic	 factors	 affecting	 ecosystems	
(Ammann	et	al.,	2000;	Jeffers,	Bonsall,	Brooks,	&	Willis,	2011;	Jeffers,	
Bonsall,	 Froyd,	Brooks,	&	Willis,	 2015;	 Lavoie,	 Pellerin,	&	 Larocque,	
2013;	 Seddon,	 Macias-	Fauria,	 &	 Willis,	 2015).	 In	 theory,	 synchro-
nous	 changes	 are	 likely	 to	 reflect	 extrinsic	 drivers,	while	 asynchro-
nous	changes	may	reflect	intrinsic	processes	(Lavoie	et	al.,	2013).	The	




At	 the	 community	 level,	 high-	diversity	 ecosystems	 tend	 to	be	more	





(Loreau	 &	 de	 Mazancourt,	 2013;	 Tilman,	 1996).	 Little	 scientific	
	attention	has	been	devoted	to	examining	this	relationship	temporally	




In	 this	 paper,	we	 use	 high-	quality	 palaeoecological	 data	 from	 a	
peatland	to	address	the	following	questions:
1. Do	 palaeo-population	 dynamics	 correspond	 temporally	 to	 envi-
ronmental	 changes	 (extrinsic	 vs.	 intrinsic)	 and,	 if	 so,	 does	 this	
relationship	 differ	 for	 different	 groups	 of	 organisms?
2. To	what	extent	do	palaeo-population	changes	conform	to	the	pre-
dictions	of	population	theory,	especially	in	relation	to	diversity?









nomic	 entity	 without	 the	 need	 for	 analogue-	based	 bias	 corrections	
(Birks	et	al.,	2012;	Walker	&	Pittelkow,	1981;	Walker	&	Wilson,	1978).	
Population	 changes	 were	 compared	 to	 independent	 climatic	 records	
(regional-	scale	conditions)	and	changes	in	sediment	composition	within	











predictive	 success	 of	 theoretical	 frameworks,	 thereby	 improving	 their	 ability	 to	
	predict	future	change.
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Geologically,	 the	 Arsiani	 Range	 is	 composed	 of	 Upper	 Miocene–
Lower	Pliocene	volcanic	and	sedimentary	units	of	the	Goderdzi	Suite	




Pleistocene	 glaciation,	 has	 created	 a	 complex	 terrain	 (Maruashvili,	
1971).	 Didachara	 is	 thought	 to	 have	 originated	 as	 a	 glacial	 lake	
(Margalitadze,	1982).
Didachara	 is	 an	optimal	 site	 for	 studying	environmental	 change	
as	 it	 is	situated	at	the	 intersection	between	two	global	biodiversity	
hotspots	 (Caucasus	 and	 Irano-	Turanian:	 Mittermeier	 et	al.,	 2005),	





ation	 (Sphagnum subsecundum, Sphagnum centrale, Sphagnum teres, 
Carex muricata, Carex canescens, Carex inflata and Carex irrigua),	with	
patches	 of	 Drosera anglica, Drosera intermedia, Comarum palustre, 
Menyanthes trifoliata and Alisma plantago-aquatica.	The	slopes	around	
and	below	the	peatland	have	coniferous	forests	dominated	by	Picea 
orientalis and Abies nordmanniana,	as	well	as	krummholz	formations	
of Fagus orientalis, Sorbus boissieri and Salix caprea	 (Margalitadze,	










2.3 | Field and laboratory methods
In	 August	 2003,	 three	 parallel	 sediment	 cores	were	 collected	 from	
the	centre	of	the	peatland	using	a	Streif-	Livingstone	corer	(Figure	S2;	













dard	methods,	 including	 10%	KOH,	 concentrated	HF	 and	 acetolysis	
treatments	 (Moore,	 Webb,	 &	 Collinson,	 1991).	 Lycopodium marker 
spores	were	added	to	calculate	pollen	concentrations	(grains	per	cm3)	
and	hence	pollen	accumulation	 rates	 (grains	cm−2 year−1).	Pollen	and	
spore	 identification	was	 performed	 at	 400×	magnification	 following	
published	 guides	 (Punt,	 1976;	 Reille,	 1999).	 At	 least	 320	 terrestrial	
pollen	grains	were	identified	per	sample	(mean:	555).	Aquatic	pollen,	
spores	and	non-	pollen	palynomorphs	indicative	of	peatland	conditions	
were	 also	 quantified.	 We	 used	 microscopic	 charcoal	 particles	 (10–




Chironomids	 are	 sensitive	 indicators	 of	 changing	 freshwater	
environments,	 including	 temperature	 variations	 (Walker,	 2001).	
Chironomids	 and	other	 invertebrate	 remains	 (biting	midges	 and	ori-
batid	mites)	were	quantified	 in	48	 samples.	 Sediment	 samples	were	
processed	 following	 standard	 techniques	 (Brooks,	 Langdon,	&	Heiri,	
2007;	Walker,	 2001).	 Wet	 sediments	 (1–3	g)	 were	 initially	 washed	
through	a	100-	μm	mesh	sieve.	Invertebrate	remains	were	sorted	and	
picked	out	from	the	sieve	residue	in	a	Bogorov	counting	tray	under	a	
stereomicroscope	 at	 25–40×	magnification	 and	mounted	 on	micro-
scope	slides	using	Euparal®.	Chironomids	were	identified	at	200–400×	
magnification	following	Brooks	et	al.	(2007)	and	Andersen,	Ekrem,	and	
Cranston	 (2013a).	 Ceratopogonidae	 (biting	 midges)	 were	 separated	
into	 morphotypes	 following	Walker	 (2001).	 Only	 chironomids	were	
used	 for	 analyses	 requiring	percentage	data	 (e.g.	 zonation	and	ordi-
nation).	Accumulation	 rates	 for	all	 invertebrate	 taxa	were	calculated	
by	wet	sediment	weight	(remains	g	WW−1 year−1).	At	least	55	remains	
were	identified	per	sample	(mean:	700).
In	 freshwater	 environments,	 diatoms	 and	 chrysophytes	 may	 be	
used	to	trace	changes	in	nutrient	status,	salinity	and	pH	(Smol,	Birks,	
&	 Last,	 2001).	Diatoms	 and	 chrysophyte	 cysts	were	 enumerated	 in	
23	 lake	sediment	samples.	Samples	were	digested	 in	H2O2 and HCl, 
and	mounted	in	Naphrax	following	Renberg	(1990).	Above	a	depth	of	
735	cm	at	least	250	diatom	frustules	were	identified	per	sample,	but	
below	 this	depth,	110–215	valves	were	counted	per	 sample	due	 to	
low	concentrations	(mean	valve	count	for	the	core:	435).	Diatom	accu-
mulation	rates	were	not	estimated.
Testate	 amoebae	 are	 considered	 sensitive	 to	 changes	 in	 surface	
wetness	 and	 acidity	 in	 peatlands	 (Jassey	 et	al.,	 2014;	 Lamentowicz	
et	al.,	2015;	Payne,	2011,	2014).	Testate	amoebae	were	analysed	in	58	
samples.	Preparation	followed	Mazei,	Blinokhvatova,	and	Embulaeva	
(2011)	 and	 involved	 soaking	 and	 sieving	 of	 1-	cm3	 peat	 samples	 at	
0.5	mm,	settling	for	24	hr	and	staining	with	erythrosine	for	microscopic	
examination.	This	method	avoids	physical	damage	to	tests	and	loss	of	
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2012;	 Lamentowicz	 et	al.,	 2015).	 Accumulation	 rates	 were	 deter-















To	 analyse	 palaeo-	community	 interactions	 and	 factors	 influenc-




model	 (Bennett,	 1996).	 Non-	metric	 multidimensional	 scaling	 with	
Bray–Curtis	 dissimilarity	 measure	 was	 applied	 to	 each	 of	 the	 five	










Thomaz,	Agostinho,	 &	Gomes,	 2008),	 especially	 in	 palaeoecological	
studies	 (Birks,	Felde,	Bjune,	et	al.,	2016;	Smol,	1981).	For	this	study,	
community-	level	richness	was	estimated	using	constant-	sum	rarefac-





consistent	ways,	we	 used	 independent	 splitting,	 a	valuable	 and	 un-









Independent	 splitting	 was	 implemented	 in	 Psimpoll	 (Bennett,	
2005).	 Pollen	 taxa	 with	 <10	 occurrences	 were	 excluded,	 as	 were	
testate	 amoeba,	midge	 and	mite	 taxa	with	<5	occurrences.	At	 each	
statistically	 significant	 population	 change	 (Walker	 &	Wilson,	 1978),	





























3.1 | Terrestrial community development since 
13,000 cal. bp
The	 earliest	 upland palaeovegetation	 zone	 (Poaceae–Artemisia; 
Figure	1)	indicates	a	largely	treeless	landscape	of	grassy	steppe,	with	
moderate	 burning	 and	 deposition	 of	 minerogenic	 sediments,	 typi-
cal	of	 Late-glacial	 environments	across	 the	 region	 (Messager	et	al.,	
2013,	2017;	Wick,	Lemke,	&	Sturm,	2003).	 Increasing	 temperature	
and	precipitation	at	the	beginning	of	the	Holocene	(c. 11,700 cal. bp; 
Figure	2)	allowed	the	 lake	 to	 fill,	meadow	and	marsh	vegetation	 to	
expand	 (Poaceae–Potentilla	 zone),	 and	 fire	 to	 increase	 as	 fuel	 limi-
tations	 decreased.	Meadow	vegetation	was	 replaced	by	deciduous	
woodland	species	(Ulmus–Fraxinus	zone)	around	9,900	cal.	bp, likely 
favoured	 by	 a	 decreased	 impact	 of	 fire	 (limit	 zones	 2–3).	 Today	
Ulmus and Fraxinus	rarely	occur	at	the	upper	forest	limit,	only	achiev-
ing	dominance	 in	 low–middle	elevation	forests	 (Ketskhoveli,	1971).	
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Neither	tree	is	a	major	pollen	producer	(Connor,	2011),	so	it	seems	
certain	that	they	were	canopy	dominants	in	Early	Holocene	vegeta-
tion	 around	 Didachara,	 facilitated	 by	 increased	 temperatures	 and	
a	 lack	of	 competition.	Fraxinus	was	probably	out-	competed	by	 the	
cold-	and	shade-	tolerant	F. orientalis	as	it	expanded	its	range	around	
8,200 cal. bp	 (Fagus–Ulmus	 zone).	 Mixed	 coniferous–deciduous	
forests	 followed	 around	 6,300	cal.	 bp,	 with	 P. orientalis and A. nor-
dmanniana	 increasingly	 important	 (Picea–Abies	 zone).	 This	 associa-
tion	is	typical	of	the	mountain	forests	of	Colchis	(Western	Caucasus)	
today	 (Nakhutsrishvili,	 2013),	 although	 the	 timing	 of	 its	 Holocene	
establishment	varies	from	place	to	place	(Connor	&	Kvavadze,	2008).	
Fire	activity	in	the	Picea–Abies	zone	peaked	at	ca.	4,000,	3,000	and	
1,800 cal. bp,	 indicating	 disturbances	 in	 the	 forest.	 A	 brief	 episode	
of	 deforestation	 followed	 at	 950	cal.	 bp	 (Poaceae–Fagus	 zone),	
mainly	affecting	coniferous	forest	and	accompanied	by	an	 increase	
in	 	anthropogenic	 pollen	 indicators	 (Behre,	 1986).	 Human	 popula-
tions	increased	in	the	highlands	during	the	medieval	period	(Burney	
&	Lang,	1971),	with	widespread	ecological	 impacts	 (Connor,	2011).	




(assemblage	 zone	 boundaries)	 are	 closely	 associated	 with	 regional-	
scale	climatic	changes	recorded	in	isotopic	records	(Figure	2).
3.2 | Lake/peatland community development since 
13,000 cal. bp
Within	 Didachara’s	 aquatic and wetland vegetation, sedges 
(Cyperaceae)	were	dominant	from	13,000	to	9,900	cal.	bp	 (Figure	1),	
suggesting	 a	 shallow	 or	 fluctuating	 water-	table.	 Spores	 of	 dung-	
inhabiting	fungi	 (i.e.	Cercophora and Sporormiella)	suggest	herbivores	
were	present,	perhaps	visiting	the	site	as	a	waterhole.	Around	9,900	cal.	
bp, as Ulmus–Fraxinus	woodlands	expanded,	Pediastrum	algae	indicate	




and M. trifoliata	 appear	 at	 4,000	cal.	 bp	 (fern–Sphagnum	 zone)	 as	 a	
peatland	 formed	 in	 the	 former	 lake	 basin	 (Figure	1).	 The	 return	 of	 
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east	 (Connor,	 2011).	Higher	moisture	 levels	 returned	more	 recently	
(Cyperaceae–Sphagnum	zone).
Diatom and chrysophyte palaeo- assemblages are recorded from 
11,200	to	7,700	cal.	bp.	An	 initial	succession	of	benthic	 taxa	 (e.g.	epi-
phytic	Gomphonema olivaceum and epipelic Fragilariforma nitzschioides)	
suggests	 an	 initially	 low	 lake	 level,	 corresponding	 to	 the	 final	 stages	
of	 steppe	vegetation	 in	 the	surrounding	 landscape.	A	peak	 in	chryso-
phyte	cysts	constitutes	the	next	phase	(10,960–10,800	cal.	bp),	perhaps	
influenced	by	increased	nutrient	inputs	as	the	lake	filled	(Smol,	1985),	
a	 supposition	 corroborated	 by	 rapid	 fluctuations	 in	 mineral	 content	
(Figure	1).	Aulacoseira nygaardii,	 a	 species	 typical	of	oligotrophic	 lakes,	
peaks	shortly	after	 (10,800–10,640	cal.	bp),	 followed	by	a	 largely	ben-
thic	diatom	community	including	aerophilic	species	(Orthoseira roeseana)	
and	indicative	of	nutrient	enriched,	shallow	water	with	limited	thermal	










2013b),	 is	 common	 in	all	 zones	except	 in	 the	uppermost	Tanytarsus–
Psectrocladius	zone	(Figure	1).	In	the	earliest	zone,	cool	conditions	are	
inferred	until	10,100	cal.	bp,	based	on	the	abundance	of	Krenopelopia, 
Micropsectra radialis-	type	and	other	cold-	stenothermic	 taxa	 (Cranston	
&	 Epler,	 2013;	 Pankratova,	 1977).	 This	 is	 followed	 by	 a	 phase	with	
warmth-	adapted	taxa	(e.g.	Corynoneura scutellata-	type,	Procladius)	that	
corresponds	temporally	to	the	Ulmus–Fraxinus	phase	in	the	upland	veg-
etation.	Cooler	conditions	returned	from	8,100	to	4,000	cal.	bp, as Fagus 
and	coniferous	trees	extended	their	range	in	the	area.	The	second	zone	




Sphagnum	 in	 the	Caucasus	 (Murvanidze	&	Kvavadze,	2010).	The	 loss	
of	warmth-	adapted	chironomids	 in	 the	 third	zone	 (1,430–170	cal.	bp)	


















































Wetland n = 43 (35)
Upland n = 210 (118)
Midges/mites n = 32 (24)
T. amoebae n = 52 (33)
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Change in palaeo-population size
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Null model 500 n = 1,639
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3.3 | Palaeo- population dynamics and 
diversity estimates
The	 temporal	 distribution	 of	 major	 palaeo-	population	 changes	 is	
shown	in	Figure	2.	Within	the	terrestrial	community	 (upland	pollen),	
changes	 are	 concentrated	 around	 the	Pleistocene–Holocene	 transi-
tion.	 A	 second	 period	 of	 rapid	 population	 change	 occurred	 from	 c. 
4,500 cal. bp	to	the	present.	This	coincides	with	terrestrialisation	and	
the	 increasing	prevalence	of	P. orientalis	 in	 the	 surrounding	 vegeta-
tion.	Within	the	peatland	community,	 the	various	taxonomic	groups	
(wetland	vegetation,	midges	and	mites,	and	testate	amoebae)	exhibit	
very	 different	 patterns.	 Wetland	 vegetation	 follows	 the	 terrestrial	




The	 effect	 of	 antecedent	 population	 conditions	 on	 subsequent	
populations	is	shown	in	Figure	3.	Population	theory	predicts	that	pop-
ulations	should	stabilise	following	an	increase	and	destabilise	follow-




results	 are	66%,	 69%,	 67%	and	71%).	 Species	 that	 do	not	 conform	
to	these	predictions	(“unpredicted”	in	Figure	3a)	have	a	different	dis-






inent.	 Richness	 in	 the	wetland	vegetation	 group	 increased	 substan-
tially	at	 the	time	of	 terrestrialisation.	Both	diatoms	and	chironomids	
show	 long-	term	 declines	 in	 richness,	 although	 chironomid	 richness	
has	peaked	in	recent	decades.	Richness	among	testate	amoebae	has	
increased	 gradually	 through	 the	 last	 8,000	years.	Accumulation-	rate	






4.1 | Intrinsic and extrinsic drivers of palaeo- 
population dynamics
In	 the	 Didachara	 record,	 significant	 population	 changes	 were	 not	
evenly	 distributed	 through	 time	 (Figure	2).	 The	 most	 prominent	
changes	 in	terrestrial	populations	are	associated	with	rapid	changes	
in	 precipitation,	 temperature	 and	 seasonality	 at	 the	 Pleistocene–
Holocene boundary, c. 11,700 cal. bp	(Göktürk	et	al.,	2011;	Messager	
et	al.,	 2013,	 2017;	Wick	 et	al.,	 2003;	Wright	 et	al.,	 2003).	 Regional	
climatic	 shifts	 are	 “slow/large”	 environmental	 changes	 that	 theory	
predicts	 would	 reduce	 ecosystem	 resilience	 (Seddon,	 Froyd,	 Leng,	
Milne,	&	Willis,	2011;	Seddon	et	al.,	2015).	Our	observations	suggest	
that	these	changes	impacted	upon	both	terrestrial	and	lake/peatland	
communities	 (Figure	2).	 Population-	level	 reactions	were	 particularly	
strong	within	 the	 terrestrial	 community.	 This	 is	 perhaps	 due	 to	 the	
larger	 spatial	 scale	 represented	 by	 the	 upland	 pollen	 proxy	 and	 its	
greater	sensitivity	to	regional-	scale	climate	change.
The	close	correspondence	between	terrestrial	population	changes	
and	 regional	 climatic	 trends	 supports	 the	 idea	 that	 environmental	
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Terrestrialisation	 (or	 “macrosuccession”:	van	 der	Valk,	 2012)	 had	
major	 impacts	 on	 lake/peatland	 population	 dynamics.	 Populations	
of	midges,	mites,	testate	amoebae	and	other	wetland	taxa	increased	
at	 the	 transition	 from	 shallow	 lake	 to	 peatland,	 4,500–4,000	cal.	 bp 
(Figure	2).	 Chironomid	 population	 dynamics	 subsequently	 tracked	
temperature	changes	and	testate	amoebae	population	dynamics	fol-








ganic	matter	 accumulation	within	 the	peatland.	 Its	 timing,	 however,	
was	 influenced	by	extrinsic	climatic	warming,	 indicated	by	 increases	
in	thermophilous	chironomid	assemblages	at	Didachara	(Figure	S6),	as	
well	 as	 isotopically	 and	palynologically	 inferred	 temperatures	across	















A	 key	 question	 in	 ecology	 is	 whether	 populations,	 distributions	 or	
ranges	 change	 in	 predictable	ways	 (Brooker,	 2006).	 Population	 dy-
namics	theory	predicts	that	growing	populations	should	subsequently	
achieve	stability,	while	declining	populations	will	experience	greater	
instability	 (Channell	 &	 Lomolino,	 2000).	 If	 this	 were	 true	 in	 every	










forcings	 (Blaauw	et	al.,	2010),	 factors	expected	 to	 influence	palaeo-	
population	 dynamics	 at	 Didachara.	 While	 our	 results	 support	 the	
predictions	 of	 population	 theory,	 they	 call	 for	 caution	 in	 attaching	
ecological	 explanations	 to	 patterns	 that	may	 be	 caused	 by	 random	
variation.
Certain	fossil	observations	fall	beyond	the	bounds	of	the	random	
simulations	 (asterisked	 in	Figure	3a).	This	 is	particularly	 true	 for	 tes-
tate	 amoebae	 and	 wetland	 pollen,	 taxonomic	 groups	 at	 Didachara	
whose	histories	 are	 closely	 intertwined.	 It	 raises	 the	possibility	 that	
community-	level	interaction	influences	population	dynamics,	although	
taphonomy,	 life	 history,	 niche	 specialisation,	 environmental	 change	
and	interspecific	interaction	may	be	equally	important.








It	 is	 unlikely	 that	 any	 feasible	 sampling	 interval	 can	 adequately	
represent	 all	 palaeo-	population	 changes	 for	 every	 taxon.	 It	 may	 be	
necessary	 to	model	empirical	data	using	Bayesian	statistics	 (Clark	&	
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signals	of	ecosystem	change	(Scheffer	et	al.,	2009).	Independent	split-
ting	results	hint	at	population	 instability	predicting	subsequent	pop-
ulation	 decline	 among	 longer	 lived	 taxa	 (Figure	S7),	 but	 sampling	
intervals	may	be	inadequate	to	address	this	using	the	current	dataset.
While	 there	 is	 considerable	 replication	within	 the	Didachara	 re-
cord	 (337	 palaeo-	population	 changes),	 they	 solely	 relate	 to	 a	 single	
core	from	a	single	site	and	are	dominated	by	terrestrial	pollen	changes.	









likely	 explanation	 for	 this	 pattern	 (Bennett,	 1986),	 as	 P. orientalis, 









Peatland	 taxa	 exhibit	 similar	 size-	related	 tendencies	 (Figure	S5).	
Testate	 amoebae	with	 smaller	 apertures	 are	more	 prevalent	 among	
the	 populations	 that	 conflict	with	 theoretical	 predictions	 (Figure	3),	
including	 abundant	 taxa	 such	 as	Difflugia and Hyalosphenia species. 
Our	 results	 suggest	 that	 organism	 size	 affects	 population	 dynamics	









munities	 (Cardinale	 et	al.,	 2012;	 Tilman,	 Isbell,	 &	 Cowles,	 2014;	 cf.	
May,	 1972).	 Upland	 pollen	 has	 the	 highest	 overall	 richness	 in	 rar-
efaction	 results	 (Figure	4).	Over	 the	 long	 term,	 upland	pollen	 tends	
to	 exhibit	 relatively	 gradual	 transitions	 between	 different	 assem-
blages	(Figure	S6).	Chironomids	have	the	lowest	overall	richness	and	
exhibit	 more	 pronounced	 fluctuations	 in	 assemblages	 (Figure	S6),	
although	 fewer	 significant	 shifts	 in	 assemblage	 structure	 (Figure	2).	
Seen	through	ordination	results,	our	observations	suggest	that	more	
diverse	 communities	 are	 inclined	 towards	 greater	 long-	term	 stabil-
ity,	but	seen	through	numbers	of	statistically	significant	assemblage	
shifts,	the	inverse	is	true,	raising	questions	about	how	best	to	assess	










of	 competitive,	 late-	successional	 tree	 species	 (e.g.	 Fagus and Picea: 
Nakhutsrishvili,	2013).	The	grassland	zones	have	greater	palynologi-
cal	evenness,	a	characteristic	that	has	been	shown	to	correspond	to	
greater	 habitat	 diversity	 (Feurdean	 et	al.,	 2013;	Matthias,	 Semmler,	
&	 Giesecke,	 2015).	 These	 zones	 were	 also	 more	 affected	 by	 fires	
(Figure	1),	which	are	a	key	disturbance	agent	contributing	to	greater	
landscape	 diversity	 and	 taxonomic	 richness	 in	 Europe	 (Colombaroli,	
Beckmann,	van	der	Knaap,	Curdy,	&	Tinner,	2013;	Giesecke,	Wolters,	
Jahns,	&	Brande,	2012)	and	the	Caucasus	(Connor,	2011).
Within	 the	 peatland	 community,	 long-	term	 changes	 in	 diver-
sity	 are	 apparent	 in	 all	 taxonomic	 groups.	 Richness	 among	wetland	
vegetation	 indicators	 rises	 abruptly	 around	 4,000	cal.	 bp, coincid-
ing	with	 the	onset	of	 terrestrialisation,	which	 likely	 created	a	diver-
sity	of	habitat	patches	of	peatland	 surface	 and	open	water.	Diatom	
richness	was	highest	in	the	zone	with	predominantly	benthic	species	
(Pinnularia–Orthoseira	 zone)	 and	 corresponds	 to	 more	 minerotro-
phic	 conditions	 and	 the	 absence	 of	 competing	 Pediastrum. Among 
midges	 (chironomids)	 and	mites,	 the	 greatest	 richness	occurs	 in	 the	




















Surprisingly,	 random	 walk	 simulations	 produce	 comparable	 re-
lationships	 between	 richness	 and	 population	 change	 (Figure	5).	The	
relationship	 is	 stronger	 (r2:	 0.16)	 for	 a	 simulated	 population	 size	 of	
500	compared	to	2,000	(r2:	0.05),	replicating	correlations	observed	in	
the	fossil	communities.	In	communities	with	a	low	overall	population,	
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increases	 in	 richness	 are	 likely	 to	 be	 accompanied	 by	 significant	
changes	in	population	sizes	as	new	species	migrate	into	the	commu-
nity.	This	effect	is	diluted	in	larger,	more	diverse	communities	in	which	
many	 populations	 are	 already	 present	 and	 interspecific	 interactions	
may	be	more	critical.
Our	 results,	while	 representing	 conditional	 support	 for	 the	 rich-
ness	and	 stability	 relationships	observed	 in	 short-	term	studies,	 sug-









concurrently	 to	 internal	 changes,	 especially	 terrestrialisation.	 This	
pattern	was	not	consistent	 through	 time,	however,	with	both	peat-










low-	diversity	 groups,	 although	questions	 remain	about	how	 to	best	
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